Formation behavior of anodic oxide films on magnesium in various electrolytes including fluoride was investigated with attention to the effects of anodizing voltage, pH and aluminum content. In the range of formation voltage between 2 V and 100 V, porous film was formed in alkaline fluoride solution associated with high current density at around 5 V and at breakdown voltage. The critical voltage of breakdown to allow maximum current flow was approximately 60 V and relatively independent on substrate purity. Barrier type films or semi-barrier type films, which were composed of hydrated outer layer and inner layer, were formed at the other voltages. A peculiar phenomenon of high current density at around 5 V, which may be caused by trans-passive state, was not observed for anodizing in acidic fluoride solutions such as Dow17 and ammonium fluoride. In the case of AZ91D, the critical voltage increased to 70 V and peculiar phenomenon at 5 V was not observed, so that only barrier films were formed at less than the critical breakdown voltage. When AlO À 2 ion was added in the electrolytes, the critical voltage remarkably increased and current density effectively decreased with increasing AlO À 2 content. The passivation effect of aluminum addition in the electrolytes is more remarkable than the addition in magnesium substrates. The depth profiles of constituent elements showed that aluminum migrated into oxide film to reach near oxide/substrate interface. Atomic ratio of aluminum to magnesium increased with increasing voltage to attain 0.42 at 80 V and crystalline MgAl 2 O 4 and MgO were found in the film.
Introduction
Anodizing of magnesium is commercially used to provide a thick porous oxide layer and to improve corrosion resistance 1) similarly to that of aluminum. Recently, the practical importance of magnesium has remarkably increased, especially in the fields of automobile industry and mobile electric commodities such as personal computers and telephones with emphasizing a benefit of the recycling capability of magnesium itself. However, only limited information on the microstructure and fundamental growth mechanism of surface oxide films on magnesium, for instance, natural oxide films, [2] [3] [4] anodic films [5] [6] [7] [8] [9] [10] [11] and chemical conversion coating films 12, 13) is available in contrast to the numerous investigations on the oxide film formation on aluminum.
Previously, the authors reported that the anodic films [7] [8] [9] [10] [11] as well as chemical conversion coating films 12, 13) formed on pure magnesium and AZ die-casting alloys have cylindrical porous structure comparable to the Keller's model of anodic alumina. 7, 14) However, the film growth mechanism by anodizing of magnesium in Dow17, which is a most commonly used commercial solution, was rather complicated in comparison with the well-known behavior of anodic film growth on aluminum. Namely, anodic film growth mainly proceeds by the formation of MgF 2 and magnesium oxyhydroxide at metal/film interface and the dissolution of the film at pore bases, followed by the crystal growth of MgF 2 , NaMgF 3 and Cr 2 O 3 .
7 ) The commercial electrolyte such as Dow17 is an acidic solution and includes fluoride. According to the Pourbaix diagram 15) however, oxide or hydroxide film is formed on magnesium only in an alkaline region. The anodic film growth in acidic fluoride solution must be brought about the characteristic affinity between fluorine and magnesium. Therefore, in the present study, the fundamental behavior of anodic film growth on magnesium and magnesium alloys in various types of electrolytes containing fluoride was investigated with focusing on the effects of formation voltage, substrate composition, pH and aluminum content of electrolytes.
Experimental
The pure (99.95% and 99.6%) magnesium, AZ31B alloys and injection molded AZ91D alloys were used in this study. The former three types of substrates were prepared as rolled sheets. Chemical composition of magnesium specimens is shown in Table 1 and anodizing was terminated when current density exceeded this value for 3 min. Anodic film structure was evaluated by using scanning electron microscopy (SEM, JEOL S-6300), glow discharge optical emission spectroscopy (GD-OES, Jobin-Yvon JY5000RF), electron probe microanalysis (EPMA, JEOL JXA-8800) and X-ray diffraction analysis (XRD, RIGAKU RINT-2500). Figure 1 shows microscopic structure of etched surfaces of four specimens. The size of crystal grain was 30-50 mm for 99.95% Mg and AZ31B. While, the grain was 10-20 mm in sizes and showed dendrite-like structure for 99.6% Mg. For AZ91D, grains in the size of 5-10 mm and large grains indicating phase (Mg 17 Al 12 ) at the grain boundary were found.
Results and Discussion

Substrate microstructure
Current-time curves
Typical current-time curves at constant voltage anodizing of 99.95% Mg were shown in Fig. 2 . Because of the low current density following the initial surge current observed at 2 V and also at the voltages ranged from 20 to 50 V, anodic films formed at these voltages appeared to be barrier type. Extremely high current density was observed at 5 V after 40 s rest period. Peculiar phenomenon of such high current density around 5 V followed by gas evolution was also reported in the anodizing in a sodium hydroxide solution.
16)
The rest period before current increase observed at 5 V and 10 V suggests the formation of relatively protective barrier film. Sparking discharge accompanied by high current flow more than 1000 AÁm À2 caused by electric breakdown was detected at the voltage higher than 60 V. Therefore, porous type films were formed when appreciable current flow occurred; namely at 5 V, 10 V and the voltage higher than 60 V.
In the case of 99.6% Mg, I-t curves were similar to those of 99.95% Mg although the current density was slightly higher. The critical voltage of high current flow accompanied by sparking discharge was 60 V for 99.6% Mg similar to those for 99.95% Mg and AZ31B alloy. In the case of AZ91D alloy, current was depressed at all voltages, especially at 5 V. Therefore, no porous film was formed except at sparking voltages higher than 70 V. It suggests that aluminum contained in substrate effectively depressed current flow by the formation of aluminum oxide in the film to improve the surface passivity.
Surface appearance of the films
Surface appearance of the films with the effects of anodizing voltage and substrate impurity was summarized in Table 2 . Anodic films formed at 5 V and 10 V shows grayish appearance indicating relatively thick film formation accompanied by high current flow. The films formed at breakdown voltage are whitish gray suggesting thick porous film growth. The films formed at other voltages appeared to be uniform and whitish or transparent showing the barrier type film formation. It is noteworthy that the films formed on AZ91D were all uniform even when breakdown took place with sparking, suggesting the effect of aluminum on the uniformity of the film.
Current-voltage characteristics
The relations between formation voltage and final current density after 10 min is shown in Figs. 3 and 4 with the effect of substrate composition. The shape of I-V relation is somewhat similar to the polarization curve observed at activated dissolution, passivation and trans-passive state for the ferrous group metals. However, the activated metal dissolution occurs at the potential slightly higher than redox potential, which is À2:36 V vs NHE for magnesium in acidic to neutral solution. Therefore, a peculiar phenomenon of high current density at around 5 V could be explained as transpassive state. The authors measured anodic polarization curves of various types of magnesium in sodium hydroxide solution.
16) The activated dissolution occurred at the potential around À1:4 V vs Ag/AgCl following a current retain by passivation.
The peak current at 5 V for AZ91D significantly decreased. The critical voltage of high current flow over than 1000 AÁm À2 accompanied by breakdown was relatively independent on substrate purity: namely, 60 V for 99.6% Mg, AZ31B and 99.95% Mg, and 70 V for AZ91D. This is different with the results obtained for NaOH solution. In the case of NaOH solution, the critical voltage accompanied by breakdown was strongly dependent on substrate purity: namely, 50 V for 99.6% Mg, 90 V for AZ31B, 100 V for AZ91D and 99.95% Mg. The current was generally depres- sed in fluoride solution than that associated with NaOH solution. These behaviors could be explained by the effect of fluorine to change the property of anodic film to form MgF 2 and AlF 3 . Namely, fluoride formed in anodic oxide/hydroxide films predominantly control the film property and reduce the relative effect of substrate impurity. Figure 4 shows current-voltage characteristics at low current density region of Fig. 3 and at lower than breakdown voltage. Minimum current density was observed at 40 V for every substrate. The current was higher in the following order: AZ31B > AZ91D > 99.6% Mg > 99.95% Mg.
Remarkable depression of the peak current and increase in critical voltage for AZ91D is caused by the passivation ability of aluminum included in magnesium substrates. Aluminum appears to be enriched in anodic film and prevents high current flow due to substrate dissolution and oxygen gas evolution. Such passivation effect of aluminum seems to be insufficient in the case of AZ31B to allow high current flow.
Effect of aluminate ion addition in the electrolyte
Subsequently, the effect of aluminum addition in the electrolyte was investigated. Figure 5 shows current-voltage characteristics at anodizing of 99.95% Mg with the effect of AlO À 2 concentration. The peak current at 5 V decreased with increasing aluminum content in the solution. The critical voltage of high current flow over than 1000 AÁm À2 accompanied by breakdown was also increased with increasing AlO À 2 concentration from 60 to 90 V. These results clearly indicate that AlO À 2 ions incorporated into the films from the electrolyte to improve passivity to prevent high current flow caused by the trans-passive state as the similar manner to aluminum contained in the substrate. Thus, the passivation effect of aluminum addition in the fluoride electrolytes is more remarkable than the addition in magnesium substrates in contrast to that in the sodium hydroxide solution.
Effect of electrolyte pH
Then, current-voltage characteristic was measured in 0.5 molÁdm À3 NH 4 FÁHF acidic solution. As shown in Fig. 6 , the peculiar phenomenon of high current density at around 5 V, which is caused by trans-passive state, was not observed for anodizing in acidic fluoride solution, so that only barrier films were formed at the voltage less than 40 V. Although sparking was not observed in this electrolyte, the critical voltage of high current flow over than 1000 AÁm À2 was 70 V. At 50 V and 60 V, relatively steady current transients with anodizing time was observed to imply porous film growth. In the case of AZ31, relatively low current flow indicating barrier film formation was observed at all voltage reached to 110 V. Figure 7 indicates current-voltage characteristics measured in the Dow17 electrolyte. As it is clearly shown, no peculiar current peak at 5 V is observed. Electric breakdown accompanied by sparking appeared at the voltage higher than 50 V. However, the critical voltage of high current flow over than 1000 AÁm À2 was 110 V. In the range from 60 to 100 V, thicker porous type films were obtained accompanying the current fluctuation caused by breakdown. Surface appearance of the film changed from yellow to dark green with the increase in film thickness according to the presence of Cr 3þ .
7)
As shown in the above results, the peculiar phenomenon of high current density at around 5 V is not observed for anodizing in acidic fluoride solutions such as Dow17 and ammonium fluoride. The reason why trans-passive state accompanied by oxygen gas evolution is found only at Figure 8 shows SEM images of the surfaces of (a) pretreated, and anodized specimens at (b) 2 V, (c) 5 V, (d) 10 V, (e) 40 V and (f) 60 V in KOH-KF-Na 3 PO 4 solution for 10 min at 298 K. The pre-treated specimen was covered with platelet like hydroxide described in the previous work 2) as shown in Fig. 8(a) . The film formed at 2 V was a flat barrier type oxide having fine platelet of hydroxide at the surface, which appears to be rather similar to the pretreated surface. The same surface structure is observed on the film formed at 40 V as well as other barrier type films formed at the voltage range from 20 to 50 V. While, a relatively rough and porous surface is observed at the films formed at 5 V and 10 V in accordance with appreciable current flow. Holes in the diameter of 1 to 10 mm, presumably produced by local substrate dissolution were also shown. At the breakdown voltage, a lava like porous structure with dispersed pores in the size of approximately 1 mm, which is similar to those observed on aluminum and other valve metals, was detected.
SEM observation
The surface structure of the films was not changed much when aluminate ions are added in the electrolyte, except at 10 V where current density was depressed (Fig. 9) , so that flat and barrier type oxide was found.
Structure analysis by GD-OES, EPMA and XRD
Depth profiles of constitute elements of the film formed on 99.95% Mg in alkaline fluoride solution was measured by GD-OED as shown in Fig. 10 . It revealed that porous type films formed at 10 V were composed of hydrated outer layer, which was relatively resistant for argon sputtering, and inner layer. When aluminate ions were added in the electrolyte, film thickness decreased because of current depression. Aluminum incorporated and distributed in the whole thickness of the film.
EPMA quantitative analysis of the film formed on 99.95% Mg in alkaline fluoride solution with 1 molÁdm À3 KAlO 2 at various voltages for 10 min is summarized in Table 3 . The atomic ratio of Al to Mg for the film formed at 80 V is 0.42 (13/31) indicating notable high enrichment of Al compared to that of the film formed at 5 V. Mapping of elements obtained by EPMA indicated uniform distribution of Mg, O, F and Al at the surface.
As indicated in Table 4 , X-ray diffraction analysis of anodic film formed on 99.95% Mg in alkaline fluoride solution with 1 molÁdm À3 KAlO 2 at 80 V for 10 min clearly shows the presence of crystalline MgAl 2 O 4 and MgO in the film. It may be formed by heating effect of sparking caused by continuous electric breakdown. Thus, incorporated aluminum contributes to form spinel easily and to make the film property more protective than the magnesium oxy-hydroxide film itself. Driving force of such high enrichment of 
Conclusions
Anodic film growth on 99.95% Mg, 99.6% Mg, AZ31B and AZ91D alloy sheets in various fluoride solutions was investigated with focusing on the effects of formation voltage, substrate composition, aluminate addition and pH of electrolytes, and following conclusions were obtained.
(1) Porous film was formed in alkaline fluoride solution associated with high current density at around 5 V and at breakdown voltage. Except at those voltages, a barrier type film was formed in alkaline fluoride solution similar to that in sodium hydroxide solution. (2) The critical voltage of high current flow accompanied by breakdown was relatively independent on substrate purity, in discrepancy with that associated with sodium hydroxide solution. It may be due to the formation of MgF 2 /AlF 3 which predominantly control the film property to reduce the effect of substrate purity. The critical voltage remarkably increased with increasing AlO À 2 content added in the electrolyte. (3) A peculiar phenomenon of high current density at around 5 V could be explained as trans-passive state. It was not observed for anodizing in acidic fluoride solutions such as Dow17 and ammonium fluoride. The peak current at 5 V depressed with increasing aluminate ion content added in the electrolyte. These phenomena are explicable by the effects of aluminum incorporation into the film to prevent dissolution and to promote passivation. The passivation effect of aluminum addition in the electrolytes is more remarkable than the addition in magnesium substrates. (4) The depth profiles of constituent elements showed that aluminum migrated into oxide film to reach near oxide/ substrate interface. Atomic ratio of aluminum to magnesium increased with increasing voltage to attain 0.42 at 80 V and crystalline MgAl 2 O 4 and MgO were found in the film. 
